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FOREWORD 
T h i s  r e p o r t  was p r e p a r e d  by Whit taker  C o r p o r a t i o n ,  Narmco R e s e a r c h  & 
Development D i v i s i o n ,  under  Con t rac t  No. 951091 (NAS 7-loo), e n t i t l e d  
"Sepa ra to r  Development Phase  of  Heat S t e r i l i z a b l e  B a t t e r y  Development Program 
( B a t t e r y  Case Development)," f o r  t he  J e t  P r o p u l s i o n  L a b o r a t o r y  of  t h e  
C a l i f o r n i a  I n s t i t u t e  of Technology. The program was accomplished under  t h e  
d i r e c t i o n  of M r .  Werner von Hartmann, P.roject  O f f i c e r .  
was conducted i n  Narmco's l a b o r a t o r y  by Mr. Floyd D .  T r i s c h l e r ,  S e n i o r  
Chemist ,  and M r .  Wi l l i am Warner,  Techn ic i an .  M r .  F loyd D .  T r i s c h l e r  s e rved  
a s  Program Manager and M r .  Harold H. Lev ine  a s  S t a f f  S c i e n t i s t .  
c o v e r s  t h e  p e r i o d  from 10 A p r i l  1967 t o  31 J a n u a r y  1968. 
The r e s e a r c h  work 
T h i s  r e p o r t  
SUMMARY 
The o b j e c t i v e  o f  t h i s  program was t h e  development of  an i n j e c t i o n -  
moldable  polymer s u i t a b l e  f o r  u s e  a s  t h e  c a s e  i n  h e a t  s t e r i l i z a b l e  
b a t t e r i e s .  
for t h e  b a t t e r y  c a s e .  
So lven t  we ld ing  was found t o  be t h e  b e s t  method t o  j o i n  t h e  PBI-8 polymer.  
A capped PBI-8 was ex t ruded  and i n j e c t i o n  mold-ed. A number of i n j e c t i o n -  
molded t e n s i l e  specimens were p repa red  and t e s t e d .  
- The po lybenz imidazo le  s t u d i e d ,  which was based on diamino- 
I b e n z i d i n e  and s e b a c i c  a c i d  (PBI-8), m e t  a l l  o f  t h e  p r e l i m i n a r y  r e q u i r e m e n t s  
























Theoretically, t h e r e  a r e  no groups  presentsin the  poLyreer which c h u l d  he 
a f f e c t e d  by po ta s s ium hydrox ide .  
. 
The s u b e r i c  a c i d  based polybenzimidazole  and t h e  s e b a c i c  ? r i d  ,J:I - 
p a i y b e n z i m i d a z o l e  (PBI-8) were given a p r e l i m i n a r y  e v a l u a t i o n  a .  u’ !la : 
s t e r i l i z a b l e  b a t t e r y  c a s e  m a t e r i a l .  
most  l i k e l y  c a n d i d a t e  because  o f  i t s  e a s e  of  p r o c e s s i n g  and l o w e r  raw 
m a t e r i a l  c o s t .  
The PBI-8 polymer w‘as selected a s  t h e  
PBI-8 polymers  were p repa red  which had i n h e r e n t  v i s c o s i t i e s  r a n g i n g  
fron 6-58 t o  1.51. - 3 % ~  aptimum viscosity range f u r  compression molding 
of th is  polymer was found t o  b e  from 0.8 t o  1.3. i f  the inherent v i s c o s i t y  
is o v e r  1 . 3 3 ,  t h e  polymer h a s  t o o  h i g h  a molecu la r  weight  t o  o b t a i n  s u f f i c i e n t  
f l ow.  
The r e s u l t s  of t h i s  s t u d y  a r e  summarized i n  Tab le  I .  
The polymer deg rades  i f  held a t  605°F f o r  any  ex tended  p e r i o d  of t i m e .  
TABLE I 
COMPRESSION MOLDABILITY OF PBI-8 
I n h e r e n t  








Polymer Fusion Temp 










Degrada t ion  o c c u r s  
about  605 OF 
Degradat ion  o c c u r s  






S e v e r a l  molded b a r s  were s u b j e c t e d  t o  ' s t ress  and s t e r i l i z e d  i n  t h e  s t r e s s e d  
p o s i t i o n .  There was no tendency o f  t h e  molded p i e c e  t o  c r a c k  o r  c r a z e .  
An a t t e m p t  was made t o  r u n  t h e  Brabender  v i s c o s i t y  of t h e  s e b a c i c  and 
s u b e r i c  a c i d  based P B I ' s .  The t e m p e r a t u r e  i n  t h e  v i s c o m e t e r  c o u l d  no t  be  
i n c r e a s e d  above 730"F, and t h e  polymer v i s c o s i t y  was t o o , h i g h  f o r  t h a t  
t y p e  of  v i s c o m e t e r .  
S i n c e  t h e  PBI-8 polymer passed a l l  of t h e . p r e l i m i n a r y  expe r imen t s  f o r  
a s t e r i l i z a b l e  b a t t e r y  c a s e ,  v a r i o u s  methods of bonding s t r i p s  of t h e  polymer 
t o g e t h e r  were i n v e s t i g a t e d .  Heat p r e s s u r e  f u s i o n ,  e l e c t r i c a l  r e s i s t a n c e  
t a p e ,  and t h e r m o p l a s t i c  we ld ing  were i n v e s t i g a t e d .  These t e c h n i q u e s  were 
found t o  be u n s a t i s f a c t o r y  due  t o  blowing of t h e  j o i n t s .  
So lven t  j o i n i n g  was a l s o  i n v e s t i g a t e d  a s  a bonding t e c h n i q u e .  The 
s o l v e n t  j o i n i n g  method c o n s i s t e d  of l a y i n g  one-half  of t h e  j o i n t  on double-  
s i d e d  masking t a p e ,  one s i d e  of which was bonded t o  a f l a t  boa rd .  The 
j o i n t s  were moistened w i t h  s o l v e n t ,  and t h e  o t h e r  h a l f  of t h e  j o i n t  was 
l a i d  on t o p  of t h e  f i r s t  h a l f .  The masking t a p e  p reven ted  movement of t h e  
p a r t s  d u r i n g  assembly.  A m e t a l  bar was t h e n  l a i d  a c r o s s  t h e  t o p  and bottom 
of t h e  j o i n t .  P r e s s u r e  was a p p l i e d  by t i g h t e n i n g  two C-clamps, one on each  
end of t h e  b a r .  The s o l v e n t  was then removed a t  v a r i o u s  d r y i n g  c y c l e s ,  
t h e n  t h e  unit was d i sa s sembled .  
V a r i o u s  c h e m i c a l s  were i n v e s t i g a t e d  a s  p o t e n t i a l  c a n d i d a t e s  f o r  so l -  
v e n t  we ld ing  t h e  PBI-8, bu t  o n l y  formic a c i d  (FA) was found e f f e c t i v e .  
S i n c e  d i f f i c u l t i e s  were encountered i n  removing a l l  of t h e  FA from t h e  . 
bonds,  m i x t u r e s  of FA and d i l u e n t s  were examined. A m i x t u r e  of  20% FA-80% 
diml?thylformarnide (RMF) showed i h e  mst p r m i s e .  
S a t i s f a c t o r y  bonds cou ld  n o t  be  o b t a i n e d  from a c o n v e n t i o n a l  r e l i e f -  
m i l l e d  l a p  j o i n t  o r  a 45" s c a r f e d  j o i n t  due t o  s t r e s s e s  i n  t h e  adhe rend .  
T h e r e f o r e ,  a new t y p e  of l a p  j o i n t  was d e s i g n e d  and i s  shown i n  F i g u r e  1. 
T h i s  new j o i n t  was found t o  be s u p e r i o r  t o  a l l  p r e v i o u s  j o i n t s ,  and had 
no i n h e r e n t  weaknesses .  
1 /4 - in .  Width 
- 
F i g u r e  1. New Type of  Lap J o i n t  
4 
7 
I . .  :. 
- 
T e n s i l e  Shear  S t r e n g t h ,  p s i  
RT a f t e r  135°C a f t e r  
S t e r i l i z a t i o n  S t e r i l i z a t i o n  RT 
Bonding Met hod* 
So lven t  welded ,  
20% FA/DMF 
> 1730** > 1625** > 1540** . 
Solvent -welded  bonds were p repa red  u s i n g  t h e  new j o i n t  d e s i g n  r e s u l t i n g  
i n  e x c e l l e n t  j o i n t s  i n  which the adherend f a i l e d  r a t h e r  t h a n  t h e  bond. The 
bond strength w a s  r e l a t i v e l y  unaf fecked  when Z e s t e d  a t  135°C a f t e r  
s t e r i l i z a t i o n .  The  d a t a  a r e  compiled i n  T a b l e  I V .  
I n  t h e  p r e l i m i n a r y  e x t r u s i o n  s tudy  with t he  PBI-8, problems were 
encoun te red  when the polymer advanced i n  t h e  e x t r u d e r ,  r e s u l t i n g  in screw 
s e i z u r e .  In o r d e r  to p r e v e n t  polymer advansement during p r o c e s s i n g ,  
s e v e r a l  a l t e r n a t i v e  me thods  of capping  t h e  PBI-8 polymer were s t u d i e d .  One 
of the xtethods tried w a s  t o  u s e  excess s e b a c i c  a c i d .  
QXCCSB -back mcid reeul ts  im a cross-linked polymer, with the c r o s s l i n k  
d e n s i t y  i n c r e a s i n g  p r o p o r t i o n a t e l y  with  the excess s e b a c i c  a c i d .  
As shown i n  T a b l e  V, 
I 
TABLE I V  
'3oEIUIqG BESZJLTS M38 mw BaIEF-MILLlil 
MlLDED PBI-8 LAP JOINTS 
* PBI-8: Molding g r a d e ,  i n h e r e n t  v i s c o s i t y  0.85 
FA: Formic ac id .  
Dk€F : Dimethyl  f ormamid e 
** Adherend f a i l u r e .  
NOTE: The s o l v e n t  welded j o i n t s  were h e a t e d  under  vacuum 
f o r  30 min @ RT, 3 hr @ l O O " C ,  and 1 6  h r  @ 135"C, 
t o  remove t h e  s o l v e n t .  
TABLE V 
EFFECT OF EXCESS SEBACIC A C I D  ON PBI-8 







I n h e r  en t V i  s c o s i  t y  





I n s o l u b l e  and i n f u s i b l e  
I n s o l u b l e  and i n f u s i b l e  
I n h e r e n t  V i s c o s i t y  
a f t e r  3-hr  Advancement 
@ 600'F - 
-- 
I n s o l u b l e  and i n f u s i b l e  
5 
Y 
The c r o s s l i n k i n g  i s  b e l i e v e d  t o  be a r e s u l t  of amide fo rma t ion  t h r o u g h  un- 
c l o s e d  benz imidazo le  r i n g s ,  a s  shown i n  t h e  f o l l o w i n g  r e a c t i o n  scheme. 
I n h e r e n t  V i s c o s i t y  
a f t e r  1-hr  Advancement 
@ 600°F 
H H O  
I > ( c H 2 ) 8 - f - = = i $ L L ; . - l %  + H02C(CH2)8C02H 
x 
I n h e r  en t V i s c o s i t y  
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. PL,eny b e n z o a t e  a s  w e l l  a s . e x c e s s  d i aminobenz id ine  (DAB) was , m n d  t o  
b e  e f f e c t i v e  i n  c a p p i n g  t h e  PBI-8 polymer (Tab le  V I ) .  
TABLE V I  
EFFECT OF PHENYL BENZOATE OR EXCESS DIAMINOBENZIDINE ON PBI-8 
Moles Diaminobenzidine:  





0.0526 Phenyl  b e n z o a t e  
0.48 1- 0.55 
0.63 0 .78 I 
It was found t h a t  1.0 t o  2.6 mole p e r c e n t  excess DAB i s  needed t o  
p roduce  PBI-8 polymer which i s  s a t i s f a c t o r y  f o r  e x t r u d i n g  w i t h o u t  advancement 
. 6  
d u r i n g  p r o c e s s i n g .  The r e s u l t a n t  polymer h a s  a n  i n h e r e n t  v i s c o s i t y  i n  t h e  
r a n g e  from 0.7 t o  1 . 2 .  A g r e a t e r  amount of DAB r e s u l t s  i n  a polymer which 
h a s  t o o  low a molecu la r  w e i g h t ,  w h i l e  a l e s s e r  amount r e s u l t s  i n  a polymer 
a 
I which h a s  t o o  h igh  a molecu la r  weight and canno t  b e  p rocessed  s a t i s f a c t o r i l y .  
Polymer I n h e r e n t  
V i s c o s i t y  
The o r i g i n a l  method of producing PBI-8 polymer was l i m i t e d  t o  2-112 l b  
f o r  e a c h  f u n .  The p r o c e s s  involved p r e p a r i n g  a prepolymer which s o l i d i f i e d  
i n  t h e  r e a c t i o n  v e s s e l  and,  a f t e r  c o o l i k g ,  s c r a p i n g  i t  from t h e  r e a c t i o n  
v e s s e l .  The prepolymer was then  placed i n  t r a y s  and advanced i n  an oven. 
The q u a n t i t y  of prepolymer which can b e  p repa red  i s  l i m i t e d ,  however, s i n c e  
it  foams immediately b e f o r e  s o l i d i f i c a t i o n .  
Polymer F u s i o n  
Temp ¶ 
"F 
E x t r u s i o n  Temp,* 
"F 
A new p r o d u c t i o n  method was dev i sed  whereby t h e  prepolymer i s  p r e p a r e d  
and poured i n t o  l a r g e  t r a y s  w h i l e  i n  t h e  molten s t a t e .  The prepolymer i s  
then  advanced i n  an oven.  By .using t h i s  method, 10 pounds of  polymer were 
p r e p a r e d  i n  a s i n g l e  r u n .  
P o l y c a r b o n a t e  
0.94 
1 .21  
P o l y s u l f o n e  
The r e l a t i o n s h i p  between t h e  polymer f u s i o n  t e m p e r a t u r e  and t h e  e x t r u s i o n  
t e m p e r a t u r e  was de t e rmined  f o r  po lyca rbona te  and ; e l a t e d  t o  t h e  PBI-8 
polymer.  The t e m p e r a t u r e  d i f f e r e n t i a l  between t h e  f u s i o n  t e m p e r a t u r e  and 
t h e  e x t r u s i o n  t e m p e r a t u r e  was found f o r  p o l y c a r b o n a t e s  and p o l y s u l f o n e s .  
T h i s  t e m p e r a t u r e  d i f f e r e n t i a l  was then  added t o  t h e  polymer f u s i o n  tempera- 
t u r e  of  t h e  PBI-8 i n  o r d e r  t o  have a s t a r t i n g  p o i n t  f o r  t h e  e x t r u s i o n  s t u d y .  
It was found t h a t  t h e  e x t r u s i o n  t e m p e r a t u r e  i s  75"-90"E above t h e  polymer 
f u s i o n  t e m p e r a t u r e , _ a s  shown i n  Table V I I .  The capped PBI-8 can be 






TABLE V I 1  
EXTRUSION AND POLYMER FUSION TEMPERATURES 
OF THE CAPPED PBI-8 POLYMER 




** Back and f r o n t  b a r r e l  t e m p e r a t u r e ,  r e s p e c t i v e l y .  
. 
7 
The i n j e c t i o n  molding f e a s i b i l i t y  s t u d y  was conducted i n  a 112 oz t o  
1-112 oz Van Dorn machine.  
specimens ( a s  p e r  ASTM P638-61TY Type I 118 i n .  t h i c k )  a r e  l i s t e d  below. 
The pa rame te r s  goye rn ing  t h e  molding o f  t e n s i l e  




4 .  












Nozzle s i z e :  5 / 3 2 - i n .  d i ame te r  
Sprue s i z e :  7/32 - 13/32 i n .  d i a m e t e r  
Runner s i z e :  
Ga te  s i z e  and l o c a t i o n :  5 "  t r a p e z o i d  a t  end of  t e n s i l e  b a r  
Mold t e m p e r a t u r e :  380"-400°F 
Mold c l o s e d  ( c o o l i n g  r a t e ) :  25 seconds 
I n j e c t i o n  p r e s s u r e :  1900 p s i  gauge (15,000 p s i  m a t e r i a l )  
Compression r a t i o  (Feed Vo1ume:Part Volume) : 4: 1 
Recommended r e s i n  d r y i n g  t ime:  
1 / 4 - i n .  d e p t h  dy 13 /32- in .  w i d t h  
Overn igh t  a t  275°F in* a 
c i r c u l a t i n g  a i r  oven o r  
4 hour s  a t  275°F i n  a 
vacuum oven 
C y l i n d e r  t e m p e r a t u r e :  640"-660°F 
Noz z l e  t emper a t u r  e : 
R a t e  of f eed  of polymer: 4-112 l b / h r  
T o t a l  molding c y c l e :  52 seconds 
Regrind l i f e :  >2 r e g r i n d s  
Hopper t e m p e r a t u r e :  280°F 
Molding c y c l e :  I n j e c t o r  Forward: 20 seconds 
Prepack:  7 seconds 
Mold C losed :  25 seconds 
6 10 " - 62 0 "F 
When molding t h e  PBI-8 polymer,  a h e a t e d  hopper i s  recommended f o r  
min imiz ing  m o i s t u r e  p i ckup .  
S i n c e  t h e  c y l i n d e r  t empera tu re  r e q u i r e d  i s  so h i g h ,  f r e q u e n t  pu rg ing  
of  t h e  chamber i s  recommended, p a r t i c u l a r l y  i f  t h e  molding c y c l e  i s  
i n t e r r u p t e d  f o r  any p e r i o d  of t ime. 
A e r o s o l  P l a s t i c  Mold Spray and S i l i c o n  Mold R e l e a s e  were found t o  be 
e x c e l l e n t  mold r e l e a s e  a g e n t s  f o r  i n j e c t i o n  molding t h e  PBI-8 polymer.  - 
The t e n s i l e  s t r e n g t . h s  of t he  i n j e c t i o n  molded specimens were i n  excess 
of 10,000 p s i ,  w i t h  h e a t  a n n e a l i n g  o f f e r i n g  no improvement. 
S i n g l e  l a p ,  d o u b l e  l a p  and machined solvent-welded j o i n t s  were p repa red  
from t h e  i n j e c t i o n  molded PBI-8 polymer u s i n g  a 20% FA1802 DMF. I n  a l l  
8 
c a s e s ,  t h e  adherend f a i l e d  r a t h e r  than  t h e  j o i n t .  S t e r i l i z a t i o n  had no 
e 
a p p a r e n t  e f f e c t  on t h e  bond s t r e n g t h .  
S e v e r a l  epoxy r e s i n s  were e v a l u a t e d  a s  a d h e s i v e s  f o r  t h e  i n j e c t i o n  
These i n c l u d e d  DEN 438EK85, Epon 828,  DEN 438 and ERL 0510,  molded PBI-8. 
a l l  cu red  w i t h  5% DMP 30. The s u r f a c e  was roughened by s a n d b l a s t i n g  and 
a uni form 2-mil  b o n d l i n e  was o b t a i n e d .  * , . 
The a d h e s i v e  c o n s i s t i n g  of 1 / 2  DEN 438 and 1 / 2  ERL 0510 was found t o  
b e  e q u i v a l e n t  t o  DEN 438EK85. I n  b o t h  sys tems,  t h e  adherend f a i l e d  a t  a 
t e n s i l e  s h e a r  of  >1400 p s i .  The s y s t e m  u s i n g  1 / 2  DEN 438 and 1 / 2  ERL 0510 





CONCLUSIONS AND RECOMMENDATIONS 
The i n j e c t i o n  molded PBI-8 polymer mee t s  a l l  of  t h e  p r e l i m i n a r y  r e q u i r e -  
ments f o r  a h e a t  s t e r i l i z a b l e  s i l v e r - z i n c  b a t t e r y  c a s e .  T h i s  polymer i s  no t  
a f f e c t e d  by t h e  e l e c t r o l y t e ,  c a n  be r e a d i l y  bonded, and i s  n o t  s e n s i t i v e  t o  
stress c r a c k i n g .  While most of  t h e  bonding h a s  been performed by s o l v e n t  
w e l d i n g ,  s u f f i c i e n t  bonds have been pre'pared from epoxy a d h e s i v e s  t o  
demonst r a  t e t h e i r  f ea  s i b  ili t y  . 1 .  
It i s  recommended t h a t  a l i m i t e d  number of b a t t e r y  c a s e s  b e  made from 
t h e  PBI-8 polymer,  assembled and given a p r e l i m i n a r y  p r e s s u r e  t e s t i n g  and 
e v a l u a t i o n .  Should t h e s e  t e s t s  prove s a t i s f a c t o r y ,  a s u f f i c i e n t  number of  
b a t t e r i e s  should be  p repa red  f o r  a f u l l  e v a l u a t i o n .  
10 
